The development of cognitive control functions in children is known to be pro-2 tracted. Children have particular difficulties to execute instructed tasks in a fast and 3 error-free manner, and these problems have been linked to the slow development of 4 attention, inhibitory control and working memory functions that rely on prefrontal 5 brain regions. In the present study, we investigated children's ability to discover and 6 implement improvements of their task strategy without instruction. In contrast to 7 the widely-described problems with efficient task execution, we find children to be as 8 likely as adults to spontaneously discover and implement a task strategy improvement 9 that was neither mentioned by instructions nor encouraged by explicit error feedback.
Introduction
appeared simultaneously on the screen and participants could respond as instructed imme-158 diately after stimulus onset. In lateGo trials, the patch appeared for 2000 ms before the 159 reference frame appeared for 400 ms in addition to the patch. Participants were instructed 160 to withhold responding until the frame was displayed. NoGo trials were identical to lateGo 161 trials, except that the frame did not appear after 2000 ms and the task continued with 162 the next trial. Participants needed to withhold responding in these trials. In ambiguous 163 trials, the frame appeared simultaneously with the colored patch, but was not offset from 164 the center. Hence the patch was not closer to any of the four corners and responding based 165 on relative spatial position of the patch would lead to random choice behavior in ambiguous 166 trials. During the main task, no trialwise feedback was given, but when the blockwise error 167 rate exceeded 20%, written feedback about too many errors was given at the end of the block 168 on the monitor. 169 During regular trials in Experiment 1 the frame and patch were displayed simultaneously 170 for 400 ms. In Experiment 2 they were displayed for 800 ms simultaneously in order to 171 make responding easier. To accommodate the longer trials, Experiment 2 was shortened 172 by one block. The additional last block in Experiment 1 was hence excluded from analyses 173 to ensure equivalence in power (see section below for details). Experiments 1 and 2 were 174 identical otherwise. 175 Questionnaire Following the main experiment, participants were asked to fill out a ques-176 tionnaire containing several questions about the task. These questions asked (1) whether 177 the hidden color role was noticed [yes/no], (1b) if yes, when within the experiment it was 178 noticed [participants indicated the proportion of elapsed time before noticing on a clockface], 179 (2) whether the discovered color rule was used to make decisions [yes/no], (3) to report the 180 rule by writing down which color was associated with which corner. Due to human error, 181 questionnaire data from one participant were lost. 182 Working memory test Participants completed a number-sorting task as a measure of 183 working memory. For each trial, a set of numbers was verbally read out by the experimenter. 184 After the last number was presented, participants were asked to write down the numbers 185 in the ascending order on the answer sheet. A total of 15 sets of numbers divided into five 186 levels were used, starting from four numbers at the first level and one number was added for 187 each consecutive level. A set of numbers was assessed as incorrect if a number was missing 188 or if the sequence was not in the correct order. A maximum of fifteen points could be scored 189 The mapping was counterbalanced across participants. Each trial involved one patch of colored squares inside a light reference frame as shown. The colored squares were shifted systematically from the center of the frame and participants had to decide which corner of the white frame the patch is closer to. (B): Block order for Experiments 1 and 2. Each block started with a block in which stimulus color and corner were uncorrelated ("random blocks"). Without notifying participants, from block 2 on the required response and the stimulus color had a fixed relation in all standard trials. After block 8, participants were instructed to use the color to determine their response ("instructed blocks"). Experiments 1 and 2 differed regarding the number of instructed blocks. (C): Trial structure for Standard, ambiguous, lateGo and NoGo trials. Each row shows the onset and duration of the colored squares, the white frame, the fixation cross and the response stimulus interval for one condition, see labels.
on the task. Due to human and technical errors, WM data from three participants were lost 190 (all younger adults).
191
Stroop Test A stroop task was used as a measure of inhibition. The task consisted of 40 192 congruent, 40 incongruent, and 40 neutral trials. Participants were instructed to respond 193 according to the font color of the stimulus word (e.g., for words shown in blue color, press 194 the blue key). For congruent trials, the stimulus words ("BLUE" or "YELLOW") in their 195 corresponding colors were presented on the screen. For incongruent trials, the stimulus words 196 were shown with non-corresponding colors. For neutral trials, the stimulus word was "XXX" 197 and was either shown in blue or yellow color. We computed two scores: the difference 198 between reaction times in neutral and in congruent trials (semantic facilitation), and the 199 difference between neutral and incongruent trials, the so called semantic interference score.
200
Due to human and technical errors, Stroop data from seven participants was lost (six younger 201 adults and one child, same participants for which working memory was lost plus participants 202 for which erroneously the wrong computer program was used).
203
Procedure 204 The experiment began with instructions about the main task that explained the above-205 mentioned rules to participants. While children received instructions verbally to ensure 206 correct understanding, young adults read the same instructions themselves on the screen.
207
Participants were asked to respond by pressing one of two response buttons on the keyboard, 208 which were each marked with a white label. They were informed that the correct choice were asked to respond as quickly as possible. For trials where the reference frame was 213 displayed after the colored patches (lateGo trials), participants were asked to wait for the 214 frame before responding. For trials where the reference frame was not displayed (NoGo 215 trials), participants were asked to not press any button. Importantly, instructions only 216 mentioned that "each patch will be either red or green" and examples for each corner were 217 shown in red and green. Instructions did therefore neither facilitate color use nor discourage 218 it. A paper showing the corner-response mapping was hanging on the wall in front of the 219 participants, which they were allowed to refer to throughout the experiment.
220
The main task involved 10 blocks in Experiment 1, and 9 blocks in Experiment 2 (in 221 order to accommodate the longer regular trials) ( Fig.1B to accommodate potential fMRI follow up studies (as in Schuck et al. (2015) ).
228
During the first block ("random blocks"), the color in left and right response trials was 229 chosen at random. From block 2 on, the color was associated with the correct response as 230 described above. Following block 8, participants took a short break and were informed that 231 the color and the response were paired. They were not informed about the exact nature 232 of the pairing but rather asked to find the relation and base their responses on the color 233 for the remainder of the experiment ("instructed blocks"; 2 blocks in Experiment 1, 1 block 234 in Experiment 2). Before continuing with the task, they were also asked to complete a 235 questionnaire assessing knowledge of the color strategy (see above).
After the main task and questionnaire were completed, participants performed the Stroop and working memory tasks. The overall duration of the experiment was approximately 160 minutes for children and 120 minutes for young adults.
Results

240
All analyses were performed using R (R Core Team , 2018 within the same mixed effects models. Since the factor Experiment did not reach significance 248 in most cases, data was combined where necessary (see below). To determine whether 249 participants understood the task, we tested individually whether the percentage of correct 250 trials was significantly different from chance (based on binomial test against chance at 251 α = .05). Understanding of the instructed spatial task was based on corner-based choices in 252 standard trials in blocks 7-8, i.e. after considerable practice. The principle ability to perform 253 color-based decision-making was tested based on choices in ambiguous trials in block 9, i.e.
254
after the instruction to use color was given. This resulted in cut-offs of min. 65% correct 255 color-based responses and 56% corner based responses, respectively, and led to the exclusions 256 reported above. Specifically, 5 children were excluded based on spatial task performance and 257 11 children plus 4 younger adults based on color task performance (after color instructions).
258
This ensured that only performance of participants was analyzed who had the ability to 259 perform the spatial as well as the color task in principle.
260
Instructed task execution task and remained present in the last two blocks before the color instruction (blocks 7-8),
Children
Errors (%) 0 10 20 30 40 50 
False Alarms (%) 0 10 20 30 40 50 
Premature Responses (%) 0 10 20 30 40 50 alarm rates in lateGo and NoGo trials during the main task. This analysis showed that 285 children and adults differed markedly in their response inhibition ability, similarly to the 286 performance disparity seen in regular trials. Specifically, compared to younger adults children 287 made significantly more premature key presses (i.e., responses before the frame was displayed, 288 henceforth "False Alarms") in lateGo trials (6.0% vs.1.3%, χ 2 (1) = 20.2, p < .001, Fig 3A) 289 as well as in NoGo trials (6.2% vs. 1.2%, χ 2 (1) = 26.1, p < .001, Fig 3B) . To further 290 investigate age differences in inhibitory control, we performed an additional Stroop test in 291 which participants needed to respond to the ink color of a written color name or neutral 292 word by pressing a button. This analysis showed that children participants had slower RTs 293 in neutral ('XXX', colored letters) compared to congruent trials (e.g., 'YELLOW' in yellow 294 ink) in Experiments 1 and 2, 45ms, p < .001, and 25ms, p = .03, respectively. This so 295 called semantic facilitation effect, i.e. faster RTs in congruent versus neutral trials, was 296 generally weak in younger adults, and only significant in Experiment 1, 10ms, p = .04, 297 but not in Experiment 2, p = .77. Importantly, children had significantly greater semantic 298 facilitation scores than adults in Experiment 1 as well as Experiment 2, t(21.79) = 3.29, 299 p = .004, and t(35.8) = 2.12, p = .04, respectively, Fig 3C. Note that because participants 300 were instructed to respond to the ink color, not respond to the written word, the semantic 301 facilitation score reflects a failure of cognitive control. Interestingly, we did not find age-group Figure 4 : Alternative strategy discovery and use in children and young adults. (A) Percentage of color-based choices ("Color Use") in ambiguous trials as a function of block found in young adults (blue) and children (red) in Experiments 1 and 2. No significant differences were found. (B) Percentage of color use in blocks 7 and 8, before instructions were given. Each dot reflects one participant, black lines the mean. (C) Proportion of participants whose behavior indicated a strategy switch towards color based responding by blocks 7 and 8 (> 65% color use). No difference was found between age-groups in this measure. Colors as in panel (A). 'CHN' = children, 'YA' = young adults. (D) Percentage of participants self-reporting discovery of the relation between colors and corners. No age-group difference.
(E) Percentage of participants self-reporting use of a color-based strategy before instructions were given. (F) Percentage of color use in ambiguous trials time-locked to the mini-block in which a strategy switch was detected. Children (orange) and young adults (blue) are collapsed across Experiments 1 and 2, but shown separately for young and old participants who showed a strategy switch versus those who did not. (G) Time course of strategy discovery. Shown is the percentage of participants whose behavior indicated a strategy switch as a function of time, separately for each age group. Data collapsed across Experiments 1 and 2 as in panel G. The analysis illustrates that there were no group differences in when strategy changes occurred. n.s. = not significant at α = .05. Bars represent s.e.m. children and younger adults, respectively, p = .15. Finally, the verbal working memory test 304 also indicated age differences in executive functions, with children having a lower working 305 memory span than younger adults in Experiment 1 (7.1 vs. 10.9 correct answers, respectively, 306 t(23.6) = −3.4, p = .002) as well as in Experiment 2 (4.7 vs. 8.7, t(33.4) = −4.8, p < .001), 307 see Fig. 3D .
308
Spontaneous strategy discovery and switch 309 We next investigated participants' ability to discover and use the alternative strategy. We
310
first assessed to what extent responses in ambiguous trials were based on stimulus color.
311
For instance, if green was paired with left responses in standard trials, we measured the 312 proportion of left responses in spatially ambiguous green trials and vice versa. A mixed 313 effects model revealed an increase in color-based responding over time, i.e. a main effect 314 of Block, χ 2 (1) = 12.6, p < .001, see Fig 4A. Importantly, main effects of Age-group, 315 Experiment or any interactions were not significant (Age-group: χ 2 (1) = 2.5, p = .11, 316 Experiment: χ 2 (1) = 2.98, p = .08, Interaction Age-group × Block: χ 2 (1) = 0.7, p = .39,
317
Age-group × Block × Experiment: χ 2 (1) = 1.6, p = .20, all other interactions: ps > .50).
318
Testing only behavior in the last 2 blocks before color instructions (7-8), we found that 319 both groups showed significantly more color use than the expected chance level of 50%, 320 t(39) = 3.9, p < .001 and t(38) = 3.8, p < .001, for children and young adults, respectively.
321
This was separately true for both groups of children from Experiment 1 and Experiment 2, 322 t(15) = 2.2, p = .03 and t(23) = 3.1, p = .005. Yet, again no age differences in color-based 323 responding were found, 58.9% vs. 60.5%, χ 2 (1) = 0.2, p = .64, see Fig. 4B . Moreover, the 324 proportion of participants who exhibited statistical evidence for color use in the last two 325 correlated blocks (i.e. exhibiting a significant binomial test against 50%) was 35% among 326 children (14/40), 28.6% among young adults (11/39) and not statistically different between 327 age-groups, χ 2 (1) = 0.17, p = .68, see Fig 4C. This result was not affected by the choice of 328 threshold (both ps > .5 when a higher threshold of at least 75% or a lower threshold of at 329 least 50% color use were employed). Note that given our sample size of 40 children and 39 330 young adults, the above reported analysis does have power of .747 to detect a difference of 331 only 15% between age groups (for a one sided-test χ 2 -test).
332
The lack of age differences was also evident in participants' self reports. In Experiment 333 1, a statistically indistinguishable proportion of 33% (5/15) of children and 43% of adults 334 self-reported to have discovered the unmentioned task rule, χ 2 (1) = 0.05, p = .82. Likewise, 335 no differences were found in Experiment 2 where 50% of children (12/24) and 27% (5/18) 336 of young adults reported discovery of the alternative strategy, χ 2 (1) = 1.29, p = .26, Fig.   337 4D. We next asked whether the color strategy was not only discovered, but also used. 33.3% 338 and 41.7% of children compared to 25% and 11% of young adults reported having done so in 339 Experiments 1 and 2, respectively. Again, these proportions were statistically not different 340 between age-groups in either Experiment, χ 2 (1) = 0.26, p = .70 and χ 2 (1) = 3.23, p = .07, 341 Fig. 4E . Hence, no evidence was found that children had inferior abilities to discover and 342 use the alternative decision making strategy.
343
Interestingly, considering only participants who showed evidence of a strategy switch 344 indicated that in Experiment 1 strategy-switching adults had higher levels of color use than strategy-switching children, 82% vs. 65%, post-hoc test: p = .001. This was not true in working memory measures such as n-back or AX-CPT tasks. In addition, given the between 452 subject nature of the effects, larger sample sizes that yield higher power for detecting small 453 difference between age groups will be needed.
454
It also remains unclear how the high levels of flexible updating could be neurally im-455 plemented in the still developing brain. Our own investigation in younger adults suggested 456 that the spontaneous change in strategy relied on a internal simulation mechanism in medial 457 prefrontal cortex (mPFC). In children, mPFC displays a complex structural maturation 458 trajectory that differs between its subregions (Shaw et al., 2008) , with the orbital parts 459 following an early maturation pattern, whereas the dorsal parts follow a late maturation be thought of as basins in a potential landscape of network state. According to this view, deeper basins are related to cognitive stability and efficient task execution, while shallower 470 basins imply less effort to switch but higher susceptibility to distraction. In line with this 471 idea it has been found that depth of the attractor state, as indexed by functional coupling 472 between prefrontal areas, is related to how readily individuals switch from one task state to 473 another in the light of ambiguous task cues (Armbruster, Ueltzhoeffer, Basten, & Fiebach, 474 2012). Therefore, the development of attractor stability of prefrontal networks may be a 475 useful topic for future investigations (see also, Baum et al., 2017) .
476
In summary, the present study has shown that children aged between 8 and 10 years 477 are equally successful as adults in incidentally discovering strategy improvements without 
